In order to examine the relation between cardiac state and the capacity to excrete a water load, Io normal subjects and 6I patients with heart disease were studied during water diuresis. Under these conditions, urine flow approximates to the rate of delivery offiltrate, and therefore of sodium, from the proximal tubule of the kidney to the loop of Henle, while free water clearance is a function of distal sodium reabsorption. In I2 patients with complete heart block, ventricular pacing was associated with increased urine flow and free water clearance. Oral propranolol in 3 normal subjects and in 9 patients with intact atrial septa caused a reduction, and oral practolol in 4 normal subjects and 8 patients caused no change. In 6 patients with atrial septal defect, propranolol was without effect. Maximum urine flow correlated with left ventricular end-diastolic pressure but not mean left atrial pressure in I6 patients with chronic rheumatic heart disease. In 7 patients with ischaemic heart disease, maximum urine flow was higher than in those with chronic rheumatic heart disease and similar increase in left ventricular end-diastolic pressure. These results reflect a close relation between proximal tubular sodium reabsorption and cardiac state, and suggest that inappropriate sodium reabsorption at this site may contribute to fluid retention in heart disease.
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Reduction in the maximum rate of sodium excretion by the kidney is characteristic of severe heart disease, and the resulting fluid retention is of considerable importance in the pathogenesis of the clinical syndrome of heart failure. Sodium excretion by the mammalian kidney is a complex process involving the combined activity of several sites with different functional characteristics (Pitts, I963) . Though, in the normal kidney, the greater part of the sodium in the glomerular filtrate is reabsorbed in the proximal tubule, there is little information on the extent to which inappropriate activity at this site contributes to the retentionof sodium occurring in patients with heart disease. Proximal tubular function in intact man may be assessed during water diuresis, since under these conditions urine flow approximates to the rate of delivery of fluid from the proximal tubule to the loop of Henle, the site of sodium reabsorption to form free water. The reduced capacity of patients with heart disease to excrete a water load (Leaf and Mamby, 1952) therefore reflects a diminution in the maximum rate of delivery of sodium from the proximal tubule to the distal part of the nephron (Bell, Schedl, and Bartter, I964) . In order to assess the im- Both groups were studied before propranolol therapy, and after 5 days on the drug. The daily dose of propranolol for each patient is given in In the patients with ostium secundum atrial septal defect, propranolol caused a mean increase of I-2 ml./min. in urine flow. (sb) Ischaemic heart disease In 7 patients with ischaemic heart disease the maximum rate of urine flow was considerably greater than that occurring in patients with chronic rheumatic heart disease and comparable left ventricular end-diastolic pres-
The results are shown in Fig. 2 , together with the regression line and limits placed at 2 standard errors of the estimate of urine flow derived from Group A. The difference between the 2 groups is therefore highly significant.
(6) Maximum urine flow and maxmum free water clearance The relation between maximum urine flow and maximum free water clearance is shown in Fig. 3 . It is apparent that at lower levels of V, there is a progressive reduction in free water excreted per unit urine flow, with formation of urine hypertonic to plasma in 4 cases. This was associated with an increase in the concentration of urine urea from I50-300 mg./Ioo ml. in normal subjects to 2600 mg./Ioo ml. in patients with very low urine volume (Fig. 4) .
Discussion
The mechanism of sodium and of water excretion by the kidney has been reviewed by Pitts (I963) . the renal medulla occurs, but in its absence, as during water diuresis or in patients with diabetes insipidus, the collecting duct remains impermeable to water and so the urine is hypotonic to plasma. Under these conditions, urine flow is equal to the volume of filtrate leaving the proximal tubule in unit time and therefore closely related to the rate of delivery of sodium to the loop of Henle (Eknoyan et In patients with low heart rate due to complete heart block, ventricular pacing causes an increase in cardiac output (Sowton, I964) and improvement in the clinical signs of heart failure. Improvement in renal function after the institution of ventricular pacing has also been observed by Humphries et group.bmj.com on June 25, 2017 -Published by http://heart.bmj.com/ Downloaded from in showing such improvement consistently within a few days of the onset of pacing. An increase in the rate of sodium excretion has also been documented by Dekker (I969) though his patients were not studied during water diuresis. Propranolol reduces cardiac output at rest and on exercise (Epstein et al., I965) and may precipitate or aggravate clinical signs of heart failure (Stephen, I966) .
Practolol differs from propranolol in showing marked selectivity for cardiac beta adrenergic sites (Dunlop and Shanks, I968) , in having intrinsic sympathomimetic activity (Dunlop and Shanks, I968) , and, in addition, in causing less reduction of cardiac output in relation to that of heart rate both in patients with ischaemic heart disease (Sowton et al., I968) and in normal subjects during exercise (Gibson and Sowton, I968) . In these situations, therefore, changes in the maximum rate of urine flow and in free water clearance correlate with changes in cardiac state, and with the tendency to develop clinical manifestations of heart failure.
Oral propranolol did not change the maximum rate of urine flow in patients with ostium secundum atrial septal defect. There is no evidence to suggest that the left ventricle of such patients responds abnormally to propranolol, and it seems likely that the lack of effect on renal function was due to the presence of an intracardiac shunt. In the normal circulation, venous return to the right atrium is closely related to aortic flow, and when left ventricular function is depressed, cardiac output may be maintained by an increase in the left ventricular end-diastolic and therefore of the left atrial pressure. In contrast, in the presence of an atrial septal defect, pulmonary blood flow, and therefore blood flow to the right atrium, may be several times that through the systemic circulation, and, in addition, an increase in left atrial pressure can no longer accompany depressed left ventricular function, since any increase causes increased blood flow across the defect.
If the changes in renal function occurring during propranolol administration in patients with intact atrial septa were due to some alteration in aortic pressure or flow consequent upon depressed left ventricular function, then it might be anticipated that they would occur in a similar manner, or even be accentuated in patients with atrial septal defect, due to failure of the left ventricular end-diastolic pressure to rise. Their absence in such patients suggests that they are related, rather, to factors controlling venous return to the right atrium, which may be unchanged or even increased by propranolol administration due 9 to the presence of the defect. Further, the lack of effect of propranolol in patients with atrial septal defect makes it unlikely that the drug has a direct effect on renal function.
In the group of patients with chronic rheumatic heart disease, maximum urine flow was inversely correlated with left ventricular end-diastolic pressure. All these patients are likely to have had left ventricular disease, and an increase in left ventricular end-diastolic pressure probably reflected the resulting impairment in cardiac function, rather than influencing sodium reabsorption directly. In patients with mitral valve disease, mean left atrial pressure was higher than the end-diastolic pressure, but a specific effect of raised pressure at this site seems unlikely in view of the lack of correlation with maximum urine flow. The results in the group of patients with ischaemic heart disease, where urine flow was greater at a given end-diastolic pressure than in the patients with rheumatic heart disease, may reflect differences in the mechanical properties of the left ventricle in the 2 conditions, and provide further confirmation that left ventricular end-diastolic pressure is not a primary determinant of renal function. The increased maximum urine flow in these patients compared with those with rheumatic heart disease correlated with the clinical observation that none of them had developed significant fluid retention, a finding similar to that of Gorlin, Klein, and Sullivan (I967) in patients with ventricular aneurysm.
In heart disease, limitation of free water excretion in response to a water load is mainly attributable to increased proximal tubular reabsorption of sodium (Bell et al., I964) . However, antidiuretic activity has been reported in serum and urine, raising the possibility that inappropriate secretion of ADH might contribute to this abnormality, particularly in those patients who show complete inability to excrete free water (Bartter and Schwartz, I967) . In occasional patients with congestive heart failure (Lamdin et al., I956) , ethyl alcohol, an inhibitor of ADH release, may cause a considerable diuresis, particularly in those who develop transient oliguria, hyponatraemia, and fluid retention after mitral valvotomy (D'Angelo, Murdaugh, and Sealy, I958) . However, such a response is unusual, and reduced urine flow in the present series of patients was likely to have been due to increased proximal tubular reabsorption of sodium. There was a close relation between urine volume and free water clearance (Fig. 3 ), but at lower levels of urine volume there was a reduction in the rate of excretion of free water per unit of urine flow. This was due, in part, to an increase in the urine urea concentration, compatible with the reabsorption of an increasing proportion of proximal tubular fluid (Fig. 4) . Similar reduction in the free water clearance per unit ofurine flow occurs at high flow rates during mannitol diuresis, and has been attributed to an increasing concentration of a non-reabsorbable solute (mannitol) in the tubular fluid at the diluting site (Eknoyan et al., I967) . A second factor is likely to be back diffusion between the tubule and interstitial fluid, which is negligible at high flow rates, but which becomes progressively more important as urine flow drops. Its significance has been documented in man by the production of urine hypertonic to plasma in patients with diabetes insipidus by acute reduction of the glomerular filtration rate (Kleeman, Maxwell, and Rockney, I957) . Four patients produced urine hypertonic to plasma throughout the test. However, it appears (Fig. 3 ) that a similar relation between urine volume and free water clearance applies throughout the whole group of patients studied, and that at flow rates below i-i5 ml.//min. complete failure to excrete free water would be anticipated. It does not, therefore, seem necessary to consider such patients as a separate group or to invoke another explanation to explain the observed response.
The present results therefore suggest that the rate of delivery of sodium from the proximal tubule to the loop of Henle is closely related to the cardiac state of the patient. Such a reduction in sodium delivery might be due to reduced glomerular filtration or, more likely, to increased proximal tubular sodium reabsorption, since changes in glomerular filtration rate occurring in heart disease are not large enough to account for the present observations (Hollander and Judson, I956) . Proximal tubular sodium reabsorption has been extensively studied in the experimental animal. It is reduced by expansion of plasma volume (de Wardener et al., I96I), by reduction in plasma oncotic pressure, or by renal vasodilatation (Daugharty et al., I968) , and is responsible for increased urine flow in DOCA-escaped animals (Wright et al., I969) . In man, increased proximal tubular sodium reabsorption, caused by depletion of total body sodium, has been suggested as an explanation of the reduced urine flow in patients with diabetes insipidus during treatment with thiazide diuretics. While the mechanism of its regulation is not clear, it does not appear that aldosterone plays a significant role (Daugharty et al., I968) .
Braunwald, Plauth, and Morrow (I965) have studied the effects of heart disease on the maximum rate of sodium excretion during oral sodium loading and found a significant relation with the functional classification of the patient, but not with intracardiac pressures. Propranolol, though causing reversal of the normal diurnal rhythm of sodium excretion, did not have any consistent effect on the maximum rate (Epstein, I966) . Spironolactone, however, caused a considerable increase in 3 patients (Braunwald et al., I965) , suggesting that distal tubular sodium reabsorption, mediated by aldosterone, was a primary factor determining the maximum rate of sodium excretion in such patients, and that apparent inconsistencies between the two tests may reflect differences in the pattern of sodium excretion. Mild mitral stenosis, in the absence of haemodynamic abnormality at rest, caused a reduction in the maximum rate of sodium excretion (Braunwald et al., I965) , whereas, in the present study, mitral valve disease severe enough to cause a mean wedge pressure of 30 mm. Hg, in the presence of a normal left ventricular end-diastolic pressure, was associated with normal or only slightly reduced urine flow and free water clearance. During propranolol administration, the reverse pattem is seen, with a consistent reduction in urine flow after a water load but with no change in the maximum rate of sodium excretion. Increase in heart rate by ventricular pacing in patients with complete heart block appears to be associated with an increase in the maximum rates of both sodium excretion and urine flow. 
